We report on the synthesis, crystal structure, and magnetic properties of a previously unreported Co
INTRODUCTION
Molecular magnets containing 3d transition metal ions have played a central role in the creation of new materials and guiding theory owing to the interplay between orbital and spin magnetism and the ability to tune both degrees of freedom through the surrounding ligand field environment. [2] It is the aim of this work to find new quantum molecular magnets which will aid in the understanding of strongly correlated and quantum phenomena.
Co
compounds have provided an excellent starting point for the creation of model low dimensional magnets owing to the delicate interplay between orbital properties and the surrounding crystalline electric field environment. [3] [4] [5] Due to the orbital degree of freedom, magnets based upon Co 2+ in an octahedral field tend to be excellent realizations of low spin magnets which display strong quantum fluctuations. [6] The basic orbital properties of Co 2+ are summarized in Figure 1 for both octahedral (Dq > 0, where 10Dq ≡ ∆ is the splitting between the t 2g and e g levels) and tetrahedral (Dq < 0) coordination. [7] [8] [9] Co 2+ in an octahedral environment has an orbital degree of freedom resulting in an orbital triplet ground state (with an effective orbital angular momentl = 1) with a spin S = 3 2 . Spin-orbit coupling splits this twelve-fold degenerate state into a doubly degenerate ground state with an effective j = 2 level set by spin-orbit coupling. [12] [13] [14] These systems have been used to study the physics of the S= . However, real systems display a coupling between this singlet ground state and the excited orbital triplet resulting in a ground state orbital degeneracy. The diagram was calculated taking the Racah parameters B and C to be the free ion values of 0.12 eV and 0.56 eV respectively (see Ref. 6 for discussion and further definitions). This work is centred around the goal of discovering new S = 
Co
2+ magnets based on a tetrahedral crystal field (Dq < 0, left side of the plot). tum corrections). As reviewed in Figure 1 , Co 2+ in a tretrahedral environment possesses a spin state of S = 3 2 and this can be modelled by reversing the sign of the crystal field splitting. In a tetrahedral environment, the orbital degeneracy and complications due to spin-orbit coupling present in the 4 the system and the ability to apply such model magnets to test theories described above.
In this report, we discuss the magnetic and structural properties of Co 2+ in a series of piperazine based molecular magnets. We will show that the magnetic ground state of these systems lack a strong measurable orbital degree of freedom making them candidate model examples of S = 3 2 magnets. This paper is divided into five sections including this introduction. We first note the solution based synthesis of the previously unreported Co 4 ] compound and compare this with the known growth of the hydrated version. We then present the crystal structure and magnetic susceptibility illustrating the underlying S = 3 2 nature of this compound. We finally present spectroscopic data measuring the orbital transitions and compare these with other Co 2+ tetrahedrally based compounds.
SYNTHESIS

Motivated by piperazine based Cu
2+ quantum magnets, we investigated similar Co
for the remainder of this paper) was originally reported by Tran Qui and Palacios and is monoclinic (space group P2 1 /a) with a=14.017Å, b=12.706Å, c=6.559Å, and β=87.21
• . [20] The structure consists of tetrahedrally coordinated Co 2+ and piperazinium layers coupled only through hydrogen bonding. The Co 2+ -Co 2+ distances are large (the drawn bond lengths labelled J in Figure  2 b) are ∼ 6-7Å), particularly in comparison to other Co 2+ materials such as CoO where the Co 2+ -Co 2+ distances are ∼ 3-4Å. [21] Because of the large distances the magnetic properties were not characterized and the tetrahedra considered as isolated. Based on evaporation out of solution, we were able to synthesize either P T CM or the previously unreported linear chain variant (C 4 H 12 N 2 )[CoCl 4 ] (termed P T C during this report). CoCl 2 and piperazine (C 4 H 10 N 2 ) were mixed in a solution in a 1:4 molar ratio. Piperazinium is the conjugate acid of the basic piperazine building block and is formed upon protonation in HCl. Therefore, both compounds were dissolved separately in concentrated (37%) hydrochloric acid and then mixed in a single solution.
We initially followed the synthesis procedure for Cu 2+ quantum magnets based on piperazine and found two classes of molecules depending on the synthesis procedure. The evaporation temperature and hydrated nature of the CoCl 2 were found to be key to whether crystals of P T CM or P T C were produced. Rapid evaporation (temperatures between 60
• and 200 • ) formed P T C needle crystals. Typical lengths were 3-5 mm, however crystals up to a few centimetres in length were also synthesized (Figure 2 a) ). Anhydrous CoCl 2 was found to al-
a) displays the structure of (C4H12N2)[CoCl4] -"P T C" with inter (J1) and intra (J2) exchange pathways highlighted. b) compares this to the structure of -"P T CM ". The lower panel shows typical crystal morphologies on millimetre scaled paper.
ways produce P T C crystals while hydrated versions were found to produce P T CM (P T C) from low (high) temperature evaporation. The needle-like nature of P T C contrasts with the cuboid nature of P T CM formed at lower temperatures (Figure 2 b) .
SINGLE CRYSTAL X-RAY DIFFRACTION
Single crystals of both P T CM and P T C were isolated and their structures were studied via single crystal x-ray diffraction as summarized in Tables II and III . Experimental information is provided in Table I . The structure of P T CM was verified, using a similar experimental configuration to that listed in Table I , to be the same as reported previously. [20] P T C was found to be isostructural with the Zn analogue reported by Sutherland et al. [22] The spacing between the tetrahedra in the lattice environment shows an anisotropy in one direction which has led us to investigate whether this is a candidate S = 
MAGNETIC SUSCEPTIBILITY
Magnetic susceptibility measurements were performed on a Quantum Design MPMS system. Figure 3 a) illustrates a plot of the magnetization as a function of magnetic field along directions parallel to the chain axis and perpendicular. The high field limit tends towards ∼ 3 µ B , consistent with expectations based upon Co 2+ in a tetrahedral crystal field environment with S = (2) • negative). [1, 23] The lack of substantial spin orbit coupling is different from previously studied tetrahalo complexes. [24] The g factors were derived from fits to the susceptibility (Fig. 3) to be g || =2.49 and g ⊥ =1.61. [25, 26] The powder average,g ≡
90, is in agreement with the expected value of 2 and confirms the lack of any mixing and spin-orbit coupling. The ratio g || /g ⊥ =1.6 is close to the value of 1.8 derived from M vs H data (Fig. 3 a) using Brillouin functions. The anisotropic ratios of g may reflect the slight crystallographic distortion of the tetrahedron. As seen in Fig. 3 , the susceptibility is described by a Curie term and a temperature independent term χ ∝ 
UV-VIS AND IR SPECTROSCOPY
Given the lack of any spin orbit coupling, in contrast to previous tetrahedrally coordinated Co 2+ complexes, we investigated the crystal field excitations to determine the orbital levels and compare them with previous Co 2+ compounds. To extract the crystal field splitting and determine the energy scale of the orbital transitions for comparison with previous work, we performed both UVVis and IR spectroscopy. UV-vis data were recorded in solution using a JASCO V-670 Series spectrophotometer. Infrared spectra (400 -8000 cm −1 ) were recorded with a Bruker Vertex 70 FTIR spectrometer (TGS detector, 4 cm −1 resolution, 64 scans) using attenuated total internal reflection (ATR) by a Bruker Platinum ATR accessory with a diamond ATR element.
The results for both experiments are illustrated in Figure The curves tend to ∼ 3 µB as expected given the crystalline electric field environment. As confirmed by the fits, the saturation field is larger than the 7T field range probed. b) shows the susceptibility and inverse susceptibility for both P T C and P T CM . The solid lines are fits to a Curie type susceptibility (∝
Based on the energy positions and the Tanabe-Sugano diagram ( Fig. 1) , we estimate that the crystal field splitting Dq/B ∼ 0.3 implying ∆ ≡= 10Dq ∼ 350 meV (∼ 2800 cm −1 ). It is interesting to note that the crystal field splitting is significantly less than octahedral variants such as NiO and CoO where 10Dq ∼ 1 eV. [3, 10, [28] [29] [30] The excitations are nearly identical (though slightly lower in energy) to those presented in the chlorine variants [1] where mixing between orbital states was implicated as the origin of a spin orbit coupling resulting in magnetic moments ∼ 4 µ B being observed. Similar effects can be seen in other 4-coordinated cobalt compounds. [31, 32] Contrasting to these compounds, ( is   FIG. 4 . The IR and UV-Vis spectra for PTC illustrating electronic transition at ∼ 0.7 eV and at ∼ 1.8 eV. Following previous studies based upon Co 2+ in a tetrahedral environment, we assign both of these transitions as excitations from the ground 4 A2 orbital singlet to the excited 4 T1 orbital levels.
an ideal example of an ionic material where no orbital mixing is present and the magnetic ground state is in a S = − ligand also display small magnetic moments and hence small spin orbit effects. [34] These complexes, similar to the compounds described here, were slightly distorted indicating the importance of a distortion away from a perfect tetrahedron to accommodate an S = 3 2 ground state. In summary, P T CM and P T C crystals were both synthesized using fast and slow evaporation techniques respectively. Both crystals have magnetic properties determined by the cobalt ion Co 2+ with a d 7 electronic configuration in a tetrahedral environment. The resulting ligand environment forces the Co 2+ ion into an orbital singlet state removing the effects of orbital degeneracy and spin-orbit coupling present in the octahedral counterpart. Susceptibility measurements find no observable magnetic order above 2 K in either P T C or P T CM and are consistent with weak exchange in both systems. It would be interesting to pursue magnetic studies of similar systems which show significant exchange coupling as excellent realizations of marginal model quantum magnets. These compounds might prove to be useful model systems for testing theoretical predictions of quantum magnetism, e.g. measuring quantum fluctuations directly with neutron scattering.
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